Insulators are regulatory elements that help to organize eukaryotic chromatin via enhancer-blocking and chromatin barrier activity. Although there are several examples of transposable element (TE)-derived insulators, the contribution of TEs to human insulators has not been systematically explored. Mammalian-wide interspersed repeats (MIRs) are a conserved family of TEs that have substantial regulatory capacity and share sequence characteristics with tRNA-related insulators. We sought to evaluate whether MIRs can serve as insulators in the human genome. We applied a bioinformatic screen using genome sequence and functional genomic data from CD4 + T cells to identify a set of 1,178 predicted MIR insulators genome-wide. These predicted MIR insulators were computationally tested to serve as chromatin barriers and regulators of gene expression in CD4
Insulators are regulatory elements that help to organize eukaryotic chromatin via enhancer-blocking and chromatin barrier activity. Although there are several examples of transposable element (TE)-derived insulators, the contribution of TEs to human insulators has not been systematically explored. Mammalian-wide interspersed repeats (MIRs) are a conserved family of TEs that have substantial regulatory capacity and share sequence characteristics with tRNA-related insulators. We sought to evaluate whether MIRs can serve as insulators in the human genome. We applied a bioinformatic screen using genome sequence and functional genomic data from CD4
+ T cells to identify a set of 1,178 predicted MIR insulators genome-wide. These predicted MIR insulators were computationally tested to serve as chromatin barriers and regulators of gene expression in CD4
+ T cells. The activity of predicted MIR insulators was experimentally validated using in vitro and in vivo enhancer-blocking assays. MIR insulators are enriched around genes of the T-cell receptor pathway and reside at T-cell-specific boundaries of repressive and active chromatin. A total of 58% of the MIR insulators predicted here show evidence of T-cell-specific chromatin barrier and gene regulatory activity. MIR insulators appear to be CCCTC-binding factor (CTCF) independent and show a distinct local chromatin environment with marked peaks for RNA Pol III and a number of histone modifications, suggesting that MIR insulators recruit transcriptional complexes and chromatin modifying enzymes in situ to help establish chromatin and regulatory domains in the human genome. The provisioning of insulators by MIRs across the human genome suggests a specific mechanism by which TE sequences can be used to modulate gene regulatory networks.
transposable elements | insulators | chromatin | gene regulation | genomics I nsulators are regulatory sequence elements that help to organize eukaryotic chromatin into functionally distinct domains (1, 2) . Insulators can encode two different functions: enhancer-blocking activity and chromatin barrier activity. Enhancer-blocking insulators prevent the interaction of enhancer and promoter elements located in distinct domains, and chromatin barrier insulators, also known as boundary elements (3, 4) , protect active chromatin domains by blocking the spread of repressive chromatin. These two functional roles are not mutually exclusive; compound insulators may encode both enhancer-blocking and chromatin barrier activities (5) .
Transposable element sequences are known to provide a variety of regulatory sequences to eukaryotic genomes (6) , and there are several examples of transposable element (TE)-derived insulators. The best studied TE insulator comes from the Drosophila gypsy element (7) (8) (9) (10) . Gypsy is a long terminal repeat retrotransposon that contains an insulator sequence in its 5′ untranslated region. The gypsy insulator interacts with the suppressor of hairy wing [su(Hw)] and modifier of mdg4 [mod(mdg4)] proteins to block regulatory interactions between distal enhancer and proximal promoter sequences. This same insulator can also protect transgenes from position effects, indicating that it encodes chromatin barrier activity as well.
More recently, TE-derived insulator sequences have been discovered in mammalian genomes. The short interspersed nuclear element (SINE) B1 has insulator activity that is mediated by the binding of specific transcription factors along with the insulator associated protein CCCTC-binding factor (CTCF) (11) . A genomewide analysis of CTCF binding sites in the human and mouse genomes discovered that many CTCF binding sites are derived from TE sequences (12) , and a survey of six mammalian species revealed that lineage-specific expansions of retrotransposons have contributed numerous CTCF binding sites to their genomes (13) . A number of these TE-derived CTCF binding sites in the mouse and rat genomes are capable of segregating domains enriched or depleted for acetylation of histone 2A lysine 5 (H2AK5ac), suggesting that they may encode insulator function. Interestingly, this same analysis did not detect retrotransposon-driven expansion of CTCF binding sites in the human genome (13) .
Whereas subsets of CTCF binding sites are known to be associated with insulators, numerous insulators can function in a CTCF-independent manner. An important example comes from a mouse TE, the SINE B2 element, which serves as a developmentally regulated compound insulator, encoding both enhancer-blocking and chromatin barrier activity, at the growth hormone locus (14) . B2 is a tRNA-derived SINE that encodes the B-box promoter element, which is bound by RNA polymerase III (RNA Pol III). The connection to tRNAs/Pol III binding is intriguing, given the fact that
Significance
Insulators are genome sequence elements that help to organize eukaryotic genomes into coherent regulatory domains. Insulators can encode both enhancer-blocking activity, which prevents the interaction between enhancers and promoters located in distinct regulatory domains, and/or chromatin barrier activity that helps to delineate active and repressive chromatin domains. The origins and functional characteristics of insulator sequence elements are important, open questions in molecular biology and genomics. This report provides insight into these questions by demonstrating the origins of a number of human insulator sequences from a family of transposableelement-derived repetitive sequence elements: mammalianwide interspersed repeats (MIRs). Human MIR-derived insulators are characterized by distinct sequence, expression, and chromatin features that provide clues as to their potential mechanisms of action.
tRNA gene sequences/Pol III binding have been shown to encode insulators in yeast (15) (16) (17) (18) , mouse (19) , and human (20, 21) . The association of insulators to the binding of RNA Pol III, or transcription factor III C (TFIIIC) specifically, to B-box elements is widely observed in multiple species, suggesting that Pol III-related machinery represents another insulator mechanism in addition to CTCF binding. Because the human genome is made up of a substantial fraction of TE sequences, including numerous tRNA-derived SINE retrotransposons (22) , it is highly possible that subsets of these tRNA-derived SINE sequences encode insulator functions. The discovery and characterization of such TE-derived insulators will help to augment the currently sparse insulator annotations in the human genome and also provide additional evidence regarding Pol III-related mechanisms of insulator activity.
Mammalian-wide interspersed repeats (MIRs) are an ancient family of TEs (23) that bear several features, suggesting that they may serve as genome regulators in general and insulators in particular. First of all, a number of noncoding MIR sequences were found to be highly conserved, indicative of some functional, presumably regulatory, role (24) . Later, it was shown that MIRs are enriched for open chromatin sites (25) , encode regulatory RNAs (26) , host gene promoters (27) and enhancers (28) , and are also associated with tissue-specific expressed genes (29) . Finally, and most importantly, MIRs are tRNA-derived SINEs (30) and their sequences include recognizable regulatory motifs, such as the promoter B-box element for Pol III binding, which are thought to be important for insulator activity.
In light of these known MIR regulatory sequence characteristics, particularly the link to Pol III binding, along with their enrichment at chromatin domain boundaries (Results), we sought to evaluate whether MIR elements can encode insulator activity in the human genome. To do this, we used a bioinformatics screen of genome sequence and functional genomic data to identify a subset of MIR sequences that possess insulator-like features. The screen was applied to datasets from human CD4 + T cells and could also be used for other data sources to discover MIR-derived insulators that function in different tissues. The insulator-like features include the presence of intact B-box sequences, occupancy by RNA Pol III, and the partitioning of active and repressive chromatin domains (Fig.  1A) . This screen procedure resulted in the identification of 1,178 putative MIR-derived insulator sequences in human CD4 + T cells, which were validated computationally, followed by experimental validation for a subset of the elements, and then evaluated with respect to a number of functional properties (SI Appendix, Fig. S1 ).
Results
Bioinformatic Screen and Validation. To prioritize a specific B-boxcontaining TE family for the search of insulators, we first analyzed the enrichment of different TE families in chromatin domain boundaries, which we previously defined as transition regions between repressive and active chromatin domains (21) . Whereas several TE families are enriched in domain transition regions (SI Appendix, Fig. S2A ), MIRs represent the only B-box-containing TE family that is specifically enriched in domain boundaries compared with flanking regions (SI Appendix, Fig. S2B ). This observation led us to focus on MIR sequences to evaluate candidate insulators.
We developed and applied a bioinformatic screen to search for human MIR sequences that may encode insulator activity (Fig. 1A) . To do this, we evaluated human genome sequence data along with functional genomic data from CD4 + T cells (Materials and Methods). CD4 + T cells were chosen, owing to their importance as a model system for immunology and for the abundance of available functional genomic data that exist for this cell type. The genome sequence data analyzed consisted of TE and gene annotations, and the functional genomic data included RNA-sequence (RNA-seq) and microarray expression data along with ChIP-seq data for RNA Pol III binding and 39 histone modifications.
First, all MIR sequences in the human genome that contain intact B-boxes and are bound by RNA Pol III in CD4 + T cells were identified. Then, these MIRs were evaluated for their ability to partition active versus repressive chromatin using a previously described approach (21) that segregates histone modifications associated with expressed (active) versus silent (repressive) genomic regions. Broad genomic distributions of 39 histone modifications, with 34 characterized as active and 5 characterized as repressive, were evaluated to detect large contiguous regions (domains) of active and repressive chromatin. The B-box-containing and RNA Pol III-bound MIR elements found to be located between adjacent active versus repressive were then used for further analysis (SI Appendix, SI Methods). RNA-seq was then used to further reduce the list of putative MIR insulators to those that delineate high-versus low-expressed genomic regions. Finally, only MIR insulators that are located in intergenic regions and distant (>10 kb) from each other were selected to reduce the ambiguity. This procedure resulted in the identification of 1,178 putative MIRderived insulators (0.36% of B-box containing MIR sequences) across the human genome in CD4 + T cells (Fig. 1A and Dataset S1). As a negative control comparison, we also applied the same screen procedure on Alu sequences that contain B-boxes (31, 32) , and found a lower fraction (SI Appendix, Fig. S3 ) of insulator-like Alu sequences (0.15% of B-box-containing Alu sequences). Although the potential insulator function of a subset of Alu sequences is also interesting, this observation indicates that MIR sequences might have higher likelihood of having insulator function. To evaluate the performance of this pipeline, we carried out a series of multidimensional statistical analysis on histone modification ChIPseq signals around MIR-derived insulators (SI Appendix, Fig. S4 and SI Methods). The negative correlations of individual histone mark signals in upstream versus downstream regions (SI Appendix, Fig.  S5A and Table S1 ), distinct clusters of active and repressive histone mark profiles (SI Appendix, Fig. S5B ), and groups of active and repressive histone marks observed in reduced dimensional space of ChIP-seq profiles across MIR-derived insulators (SI Appendix, Fig.  S6 ) suggest that our screen pipeline can efficiently pinpoint MIR sequences that significantly block individual histone modifications and partition active versus repressive histone marks. Significant differences of proximal gene expression on the active chromatin side versus the repressive side of MIR-derived insulators were also confirmed (SI Appendix, Fig. S7 ).
The predicted MIR-derived insulators were first computationally validated with respect to their domain barrier and enhancerblocking activities based on independent functional datasets (Materials and Methods). As insulators are expected to partition consecutive chromatin domains, we calculated the relative distances (i.e., normalized by domain sizes) between MIR-derived insulators and lamina-associated domain (LAD) boundaries (33) . We found that the predicted MIR insulators are significantly closer to LAD boundaries compared with randomly selected B-box-containing MIR sequences (P < 2.2E-4, Mann-Whitney test) (Fig. 1B) . Similarly, we integrated topologically associated domain (TAD) boundaries inferred from Hi-C chromatin contact maps (34) and found that the MIR insulators are also closer to TAD boundaries (P < 5.4E-8, Mann-Whitney test) ( Fig. 1 C and D) . These findings suggest the predicted MIR insulators have domain barrier function. In addition, we used the ChIA-PET interaction data from human CD4
+ T cells (35) to test whether the predicted MIR insulators can potentially block enhancer-promoter interactions. We focused on ChIA-PET interactions between enhancers and promoters that are proximal (<500 kb) to MIR-derived insulators and classified them into one-side interactions, i.e., the interaction's anchors are restricted to one-side of a MIR insulator, and crossinteractions, i.e., the interaction's anchors are separated by a MIR insulator (Fig. 1E ). Whereas there are 2,334 one-side interactions, only 251 cross-interactions are found (fold = 0.1) (Fig. 1E) . The observed depletion of cross-interactions is statistically significant (P < 4.5E-49, Z test) compared with randomly shuffled ChIA-PET interactions (fold ∼0.7) (Fig. 1F and Materials and Methods), supporting the enhancer-blocking activity of the predicted MIR insulators. As a positive control, we carried out the same analyses on a set of CTCF barriers in CD4 + T cells (36) , the canonical insulator associated sites, and got similar observations (SI Appendix, Fig. S8 ). As a negative control, we randomly selected B-box-containing MIR sequences that are located around genomic regions (±500 kb) with ChIA-PET interactions. The crossinteractions are not depleted compared with one-side interactions around control MIRs (fold = 0.53, P = 0.067) and further suggest potential insulator functions of the predicted MIR insulators (SI Appendix, Fig. S8 ). We also investigated the sequence conservation patterns of MIR insulators and their flanking sequences. We observed significantly higher conservation levels of MIR insulators compared with flanking sequences (P < 0.011, t test) (Fig.  1G ). Both the B-box region (P < 0.014, t test) and the remaining part of the MIR insulators (P < 6E-9, t test) show higher conservation levels compared with randomly selected B-box-containing MIR sequences, and the B-box sequences show the highest average conservation level (Fig. 1G) .
Examples of MIR insulators are shown along with LAD, histone modifications, RNA-seq, and ChIA-PET interactions (Fig. 1H) . In this example, whereas a single MIR insulator on the Left is precisely located at the transition point between repressive and active chromatin domains, a cluster of three MIR insulators on the Right are located at the region where active and repressive histone marks gradually switch. One of the three MIR insulators on the Right is also located at the LAD boundary. High-level RNA-seq signals and multiple ChIA-PET interactions are restricted within the active chromatin region enclosed by the MIR insulators (Fig. 1H ).
Experimental Validation. We next sought to experimentally validate the enhancer-blocking activity for a subset of the MIR insulators predicted here using previously described human and zebrafish enhancer-blocking assays (EBAs) (11, 14, 37, 38) . For the human EBA, a luciferase reporter construct transfected in human HEK 293 cells (Materials and Methods) was used to evaluate three predicted MIR insulators (SI Appendix, Table S2 ). All three MIR insulators tested here showed enhancer-blocking activity comparable to the 5′ HS4 positive control ( Fig. 2A ) and much larger insulator activity than the second positive control, i.e., the minimal insulator sequence motif of 5′ HS4 (II/III). These consistently observed enhancer-blocking activities strongly support the potential insulator function of MIR sequences. The same MIR-insulator sequences were further tested in a zebrafish EBA using a GFP reporter construct transiently transfected in embryos. This EBA tests the ability of putative insulator sequences to block interaction of a central nervous system (CNS) enhancer with a somite promoter driving the expression of GFP (Materials and Methods). Whereas two MIR sequences (MIR1 and MIR3) do not show enhancer-blocking activity compared with the negative control, one of the MIR insulators (MIR2) is able to efficiently block the CNS enhancer and cause the statistically significant loss of GFP expression (P = 0.011, median test) in zebrafish midbrain ( Fig. 2 B and C) . Considering the large species differences between human and zebrafish, the significant insulator function seen in zebrafish of this MIR sequence is intriguing. We thus focused on this MIR insulator (MIR2) in more detail. This MIR insulator is located in the transition point between active and repressive chromatin domains as expected (Fig. 2D ). In addition, it is located precisely at the boundary of a lamina-associated domain (Fig. 2D ), suggesting that it may participate in large-scale genome organization. The blocking of the repressive chromatin domain also appears to be functionally important to CD4 + T cells because one of the proximal genes in the adjacent active chromatin domain, i.e., gene ZAP70, is part of the T-cell receptor pathway and its promoter is involved with multiple active ChIA-PET interactions (Fig. 2D) .
To further test whether the B-box is a major factor of the enhancer-blocking activity of this MIR insulator, we specifically mutated two nucleotides of its B-box (Materials and Methods) and repeated the zebrafish EBA (Fig. 2E) . The two nucleotides (T45/C) were selected based on previous observations that point mutations at those sites cause loss of barrier function of tRNA genes in yeast (15, 16, 39, 40) . Although the median enhancerblocking activity in zebrafish of the mutated MIR insulator is slightly higher, the activity variance largely increased, and thus the insulator function of the mutated MIR sequence is no longer significantly distinct (P = 0.069, median test) from the negative control (Fig. 2E) . The increase in variance may be attributed to the fact that the two mutated B-box sites are only critical for some of the insulator function, and other remaining sites in the B-box may provide additional important sequence context. The variance may also be due to a reduction in the stability of the enhancer blocking activity conferred by the MIR insulators. In any case, this result indicates that the B-box sequence is an important component that is likely to be necessary, but not alone sufficient, for MIR-insulator function.
MIR Insulator Chromatin Features. Having established the chromatin barrier and enhancer-blocking activity of predicted MIR insulators, we performed a series of enrichment analyses to characterize the local chromatin environment at and around these insulators. Here we focused on small-scale genomic regions around MIR insulators (∼8 kb) to search for specifically localized enrichment signatures that are not seen at the domainscale level. The aggregate RNA Pol III occupancy levels peak at MIR-insulator sequences (Fig. 3A) , which is consistent with the initial bioinformatic screen used for their identification. Nevertheless, the distinct RNA Pol III peak at MIR insulators differs from the previously observed broad genomic distribution of RNA Pol III binding (41) , suggesting the possibility that MIR insulators are activated via specific recruitment of RNA Pol III. In addition, the negative control, performed on a randomly selected set of B-box-containing MIRs, shows that specific RNA Pol III binding is not a generic feature of MIRs across the genome. RNA Pol II levels, on the other hand, increase steadily from the MIR-insulator region into the flanking active chromatin environment (Fig. 3B) , consistent with their role as barriers against the spread of repressive chromatin. In contrast to the RNA Pol III enrichment peak, transcription levels do not show enrichment at MIR insulators (SI Appendix, Fig. S9 ), suggesting transcription may not be involved with MIR-insulator activities. On the other hand, the lack of transcription enrichment is also possibly due to the experimental bias of the RNA-seq library, which is not efficient to capture the short noncoding transcripts.
MIR insulators show a characteristic histone modification signature with distinctive peaks of the H2AZ histone variant, H3K4me1, H3K4me2, and H3K9me1 (Fig. 3C) . Such peaked patterns cannot be expected based on the approach used to detect putative MIR insulators because the algorithm evaluates broad distributions of active versus repressive histone modifications over 100-kb windows surrounding the MIRs. H3K4me3 levels peak adjacent to the locations of the MIR insulators on the active chromatin side and remain high across the local active chromatin domain. Most of these marks are associated with active chromatin and transcriptional initiation, suggestive of the recruitment of chromatin-modifying complexes to MIR insulators resulting in the local opening of chromatin and priming for gene expression. Consistent with this possibility, MIR insulators are much closer to the nearest gene transcription start site (TSS) on the active chromatin side than on the repressive side (SI Appendix, Fig. S10 ). H3K4me1 modifications are often associated with enhancer sequences, raising the possibility of some mechanistic overlap between MIR insulators and enhancers, as has been previously suggested (1) .
For the purposes of comparison, the same enrichment analyses were applied on insulator-like Alu sequences generated by our bioinformatics screen pipeline and CTCF barriers produced independently before (36) . The insulator-like Alu sequences are less enriched with RNA Pol III binding compared with MIR insulators and do not show distinctive peaks of histone modifications (SI Appendix, Fig. S11 ). Thus, the unique signatures of MIR insulators described above further suggest them as functional regulatory elements. As the positive control, the canonical insulators, i.e., CTCF barrier sites, show similar enrichment signatures as MIR insulators with even higher peaks (SI Appendix, Fig. S11 ). The unexpected RNA Pol III enrichment at CTCF barriers also suggest potential interplay between these two DNA binding factors to establish insulator activity (42) .
The similarity of chromatin signatures suggests that MIR insulators may overlap with CTCF sites. Although there is mild enrichment of CTCF binding signals around MIR sequences, the peak is not distinctive from flanking regions (SI Appendix, Fig. S12A) . Indeed, only 6 of the 1,178 MIR insulators overlap with previously characterized CTCF barrier elements (36) . The number of overlaps only increases to 25 when the MIR insulators are extended by 4 kb on each side (SI Appendix, Fig. S12B ). The lack of overlap indicates that MIR insulators are likely to be largely CTCF independent.
Tissue-Specific Chromatin Barrier Functions of MIR Insulators. We also evaluated the role that the putative MIR insulators play in regulating tissue-specific gene expression by measuring the differences in expression levels, across 79 human tissues, for genes that flank the insulators on the active sides versus repressive sides. Genes that flank MIR insulators show greater differences in expression, between the active and repressive sides of the insulators, for CD4 + T cells than seen for the other human tissues (SI Appendix, Fig. S13 ). This finding suggests a role for the insulators in establishing tissue-specific chromatin domains, consistent with the previously observed tissue specificity of CTCF barriers (36) . It also indicates that additional MIR insulators specifically active in other tissues may be identified by applying our screen pipeline on different tissues when more functional genomic datasets become available. Enhancer-blocking activity levels (fold enrichment) are normalized relative to the empty vector. Average enhancer-blocking activity levels (±SE) for positive (5′ HS4 and II/III) and negative (II/III mutated) controls along with results for three predicted MIR insulators MIR1, MIR2, and MIR3 (located on chromosomes 1, 2, and 11, respectively) are shown. For each sequence analyzed, inserts were cloned upstream of the enhancer (negative control site, gray bars) and between the enhancer and promoter (test site, black bars). (B) Enhancerblocking activity in zebrafish. Negative (empty vector, white) control sequences along with predicted MIR insulators (purple) were inserted between the CNS enhancer and the somite promoter. The ratio of GFP expression in somites versus CNS indicates relative enhancer-blocking activity. The observed ratio for MIR2 is significantly different from control zebrafish (P = 0.011), whereas control versus MIR1 (P = 1.000) and versus MIR3 (P = 0.934) are not. (C) Zebrafish EBA. Representative pictures of GFP expression in zebrafish somites and CNS generated from negative and positive (5′ HS4) controls and the MIR insulator located on chromosome 2. (D) The MIR insulator active in zebrafish EBA. Histone marks, lamina domains, RNA-seq, and ChIA-PET interactions are shown as in Fig. 1H . (E) B-box mutation of MIR insulator. B-box mutated MIR insulator is tested in zebrafish EBA (gray) and compared with the wild-type MIR insulator (purple) and the negative control (white). The observed ratio for MIR2 is significantly different from control zebrafish (P = 0.0002), whereas the equivalent ratio for the mutated-MIR2 versus control (P = 0.069) is not.
We sought to further evaluate the possible tissue-specific functional roles played by the MIR insulators predicted here (Materials and Methods). To do this evaluation, we performed an analysis of the gene ontology (GO) and pathway (Kyoto Encyclopedia of Genes and Genomes, KEGG) annotations of the proximal genes located on the active chromatin sides of the MIR insulators. These genes are enriched for a number of GO/KEGG functional categories related to T-cell function including T-cell receptor signaling pathway, regulation of T-cell activation, and regulation of lymphocyte activation (Fig. 4A) . These specific functional categories still remain significant when the set of all expressed genes in CD4
+ T cells are used as background for comparison (SI Appendix, Fig. S14 ), highlighting the specific T-cell relevant functional pathways possibly regulated by MIR insulators. The most strikingly enriched category is the T-cell receptor signaling pathway (KEGG: hsa04660). The analysis reveals that 21 genes found in the T-cell receptor signaling pathway are located adjacent to MIR insulators on the active chromatin side (Fig. 4B and SI Appendix, Fig. S15 ). Among this list, there are several transmembrane receptor proteins, which mediate interactions with antigen-presenting cells, including a colocated genomic cluster of two T-cell costimulators (CD28 and ICOS) and the coinhibitor CTLA4 (Fig. 4C) . The chromatin environment at this genomic cluster, along with the cell-type-specific expression patterns of these three genes, exemplifies the T-cell-specific regulatory function of the MIR-insulator encoded barrier activity ( Fig. 4D and SI Appendix, Fig. S16 ). In CD4 + T cells, these three genes are flanked by pairs of MIR insulators that surround an open and active chromatin environment (H3K4me3 and H3K36me3) to the exclusion of repressive chromatin marks (H3K27me3) in the adjacent regions. This pattern stands in contrast to what is seen for GM12878 and K562 cells where the entire locus is marked by repressive chromatin. Accordingly, CD28, ICOS, and CTLA4 are highly expressed in CD4 + T cells compared with GM12878 and K562 cells (Fig. 4D) . Similar cell-type-specific distributions of chromatin and gene expression for MIR insulators and their adjacent genomic regions are observed when the same histone marks and expression levels are compared for all 21 MIR-insulator proximal genes found in the T-cell receptor pathway (SI Appendix, Fig. S17) .
We expanded the tissue-specific chromatin and expression analysis to include all MIR insulators predicted here. We first classified MIR insulators as cell-type specific based on the relative distributions of chromatin marks across MIR insulators in CD4 + T cells versus GM12878 and K562 cells. A total of 681 of 1,178 (58%) of predicted MIR insulators show skewed distributions of active versus repressive marks in CD4 + T cells, with divergent peaks on opposing sides of the MIR insulators, compared with relatively flat distributions of the same histone marks in GM12878 and K562 cells (Fig. 5  A-C) . Accordingly, these tissue-specific MIR insulators have proximal genes on the active domain side that are expressed at higher levels in CD4 + T cells than the same genes in GM12878 and K562 (Fig. 5D) . Furthermore, these MIR insulators separate pairs of genes, on the active versus repressive chromatin sides of the insulators, that have greater differences in their levels of expression in CD4 + T cells than seen for the same pairs of genes in GM12878 and K562 (Fig. 5E) . As a comparison, we applied the same analysis on CTCF barriers and found similar fraction [947 of 1,607 (59%)] to be tissue specific. Comparisons of histone mark signals and gene expression for the subset of cell-type-specific CTCF barriers show similar patterns as seen for MIR insulators (SI Appendix, Fig. S18) , consistent with the previous finding that CTCF barriers are highly tissue specific (36) . The remaining 42% of MIR insulators that do not show evidence of tissue-specific function may have broader activity reflecting chromatin boundary establishment earlier in development. It is also possible that additional MIRs not detected in our bioinformatic screen, e.g., those that lack intact B-boxes or those do not bind RNA Pol III, may also serve as insulators in CD4
+ T cells and/or in other tissues.
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Discussion
MIRs are relatively ancient and conserved TEs, i.e., formerly selfish genetic elements, that have been coopted to provide a variety of regulatory sequences to their host genomes. Together with their conservation and regulatory capacity, the tRNA-derived sequence features of MIRs suggested to us that they might help to organize human chromatin via the provisioning of insulator elements. Therefore, we screened the human genome for putative MIR insulators and attempted to validate their activity using a combined computational and experimental approach. The results of our analysis suggest that numerous MIR sequences serve as insulators across the human genome. These predicted MIR insulators show evidence of both chromatin barrier and enhancer-blocking activity. Interestingly, whereas the chromatin barrier activity of the MIR insulators appears to be cell-type specific (Figs. 4 and 5 and SI Appendix, Fig. S13 ), the mechanisms underlying MIR's enhancerblocking activity are seemingly conserved between cell types and between species (Fig. 2) . This finding may be attributed to the fact that MIR sequences in isolation possess an innate capacity to provide enhancer-blocking activity via the interaction with conserved protein factors, but in situ MIRs interact with cell-typerestricted factors to yield a more narrow and specific range of activity. Given that the EBAs were performed with minimal (<400 bp) constructs, it may be the case that synergistic binding of sites outside the MIR insulators help to provide cell-type-specific barrier activity. The MIR insulators identified here have a distinct local chromatin environment (Fig. 3) that may yield some clues as to their mechanisms of action. For example, whereas RNA Pol II and RNA Pol III CD4 + T-cell binding profiles are highly correlated across the human genome (41) , their patterns at and around MIR insulators are quite distinct. RNA Pol III occupancy levels peak right at the MIR insulators, whereas RNA Pol II levels steadily increase from the MIR insulators into the adjacent active chromatin domains. This suggests the possibility that RNA Pol III is specifically recruited to MIR insulators to help establish their activity, thus priming the adjacent chromatin for opening and transcriptional activity as reflected by the increasing RNA Pol II levels. The histone modification profiles around MIR insulators are consistent with this model. There are clear local peaks of modifications right at the MIR insulators, such as seen for H3K4me1 and H3K4me2, but these same marks of open chromatin are also maintained at relatively higher levels in the adjacent active domains. H3K4me3 shows a similar pattern, but its peak is shifted further into the active domain and it is maintained at higher levels through this domain. Thus, there may be a wave of progressive methylation of the H3K4 position starting at the MIR insulator locations and continuing with the addition of methyl groups into the active domain, similar to what we observed previously for human chromatin barriers (21) .
The location of MIR insulators relative to proximal gene promoters also sheds some light on their mechanism of action. MIR insulators are located much closer to the promoters of the genes that are located on the active side of the insulator compared with the genes located on the repressive side (SI Appendix, Fig. S10 ). This suggests that MIR insulators are not only located in such a way to protect proximal promoters from the encroachment of repressive chromatin, but they also restrict interactions with promoters to only those enhancers that are located nearby or within genes. This scenario can be illustrated by the clustering of the colocated T-cell receptors-CD28, CTLA4, and ICOS-each of which is flanked by a pair of MIR insulators (Fig. 4D) . This apparent restriction to local enhancers would seem to be at odds with the textbook definition of enhancers as regulatory elements that exert their effects over long ranges. However, recent genome-wide analyses of chromatin reveal that gene bodies are enriched for enhancer elements (43) (44) (45) and these local regulatory sequences may be largely responsible for celltype-specific expression. TE-derived insulators have previously been associated with CTCF binding events (13) . Whereas there is weak enrichment of CTCF binding signal at MIR insulators, only 6 of 1,178 MIR insulators overlap with the CTCF barriers (SI Appendix, Fig. S12 ). These results raise the possibility that MIR insulators discovered here function in a CTCF-independent manner. Many questions as to the specific mechanisms underlying MIR-insulator activity remain to be answered. For example, whereas the compound insulator activity of the mouse tRNA-derived SINE B2 is related to the transcriptional activity of the element (14), it is not clear if the same can be said for MIR insulators (SI Appendix, Fig. S9 ). Furthermore, many of the protein factors that interact with MIR insulators remain to be elucidated. Nevertheless, the finding that numerous MIRs across the human genome can provide insulator activity raises intriguing possibilities. In particular, when their repetitive nature is considered together with their role in organizing chromatin, it suggests a possible mechanism for the establishment of cell-type-specific regulatory networks by TEs as long ago envisioned by McClintock (46) and Britten and Davidson (47) .
Materials and Methods
Genomic and Functional Genomic Datasets. The human genome reference sequence (National Center for Biotechnology Information, NCBI build 36.1, University of California Santa Cruz, UCSC version hg18) was analyzed with respect to the locations of MIR TE sequences and NCBI RefSeq gene locations using the UCSC Genome Browser "RepeatMasker" and "RefSeq Genes" tracks, respectively. ChIP-seq data (48, 49) were used to characterize the genomic locations of 38 histone modifications and one histone variant in CD4 + T cells.
ChIP-seq data were used to characterize the genomic locations of RNA Pol II, CTCF (49) , and RNA Pol III (41) binding sites in CD4 + T cells. ChIP-seq data from the ENCODE consortium were used to characterized the locations of three histone modifications in GM12878 and K562 cells (44, 50) . Microrray data were used to characterized gene expression levels across 79 human tissues (51), including CD4 + T cells, along with GM12878 and K562 (52, 53) . Microarray signal intensity values were normalized using the z transformation to compare relative expression levels across tissues and microarray platforms. RNA-seq data from CD4 + T cells (41) were used to characterize genome expression levels.
ChIA-PET data from CD4 + T cells (35) were used to identify regulatory interactions between enhancers and promoters.
Bioinformatic Prediction and Validation of MIR Insulators. Human genome MIR sequences (candidate insulators) were screened through a series of filters to identify a final set of predicted MIR-derived insulators (Fig. 1A) . The final set of predicted MIR insulators (n = 1,178) contains the following set of properties: intact B-box promoter sequences, occupancy by RNA Pol III, segregation of active versus repressive chromatin domains, and segregation of expressed versus silent genomic regions. Details of the MIR-insulator prediction algorithm can be found in SI Appendix, SI Methods. The performance of the algorithm to select MIR sequences to segregate individual histone modifications and to partition active and repressive modifications were computationally tested using multidimensional statistical analysis of ChIP-seq data for the 39 CD4 + T-cell histone modifications (SI Appendix, SI Methods and Figs. S4-S6). Predicted MIR insulators were computationally validated with respect to their chromatin barrier activity and enhancer-blocking activity based on additional functional genomics data that was not used for their prediction. For chromatin barrier activity, the relative distances (normalized by domain sizes) between MIR insulators and LAD boundaries (33) or TAD boundaries (34) were calculated and compared with the relative distances of randomly selected B-box-containing MIR sequences (Mann-Whitney tests). LAD boundaries were characterized in human fibroblast cells and TAD boundaries were characterized in embryonic stem cells and IMR90 cells. For enhancer-blocking activity, ChIA-PET interactions (≤1 Mb interactions) in human CD4
+ T cells (35) were integrated into the analysis. To control for the different regional abundances of ChIA-PET interactions, only local interactions that flank MIR insulators (i.e., both anchors of the interaction are located ≤500 kb from a MIR insulator or enclosed by two adjacent MIR insulators) were considered. Those local interactions were further classified into one-side interactions (i.e., both anchors are located on only one side of the MIR insulator) and cross-interactions (i.e., the two anchors are located on opposite sides of the MIR insulator). The ratio between cross-interactions and one-side interactions was used to characterize the degree of depletion of cross-interactions, as a measurement of the enhancer-blocking activity of MIR insulators. One thousand shuffled sets of ChIA-PET interactions were generated by randomly linking anchor sites (≤1 Mb from each other) and used as control to evaluate the statistical significance of the observed crossinteraction depletion around MIR insulators (Z test). Average sequence conservation levels (54) were calculated for the predicted MIR insulators (which were divided into B-box subregions and other parts of MIRs) and 100-bp upstream/downstream flanking sequences. Randomly selected B-box-containing MIR sequences were used as controls. Proximal genes (i.e., the top two nearest genes within 300 kb) on the active chromatin sides of MIR insulators were used for functional and pathway analysis (55) . All expressed genes in CD4 + T cells were used as controls.
EBAs. A score was calculated to quantify the difference between the levels of active and repressive chromatin marks on the opposite side of predicted MIR insulators and the top three ranked MIR sequences were then selected for experimental validation using EBAs in human and zebrafish. Human EBAs were performed as previously described (14, 56) using the pELuc vector and transient transfection HEK 293 cells. Selected MIR-insulator sequences (SI Appendix, Table S2 ) were cloned upstream (negative control) or between (test) enhancer and promoter sequences and enhancer-blocking activity was measured based on relative levels of luciferase expression. The 5′ HS4 insulator from the chicken beta-globin locus and the minimal insulator sequence motifs (II/III) from this same element were used as positive controls in this assay. Mutated II/III sequence motifs, incapable of binding CTCF, were used as negative controls. Three replicates were performed for each EBA. Zebrafish EBAs were performed as previously described (57) using a Tol2 transposon-based vector and transient transfection of zebrafish embryos. Selected MIR-insulator sequences were cloned between a CNS enhancer and a promoter that drives somite expression, and enhancer-blocking activity was measured based on relative levels of somite/CNS GFP expression. The 5′ HS4 insulator from the chicken beta-globin locus was used as a positive control in this assay; an empty vector was used as a negative control. For each putative MIR-insulator sequence tested, 41-46 replicates were assayed to control for chromatin position effects. Point mutations of B-box (T45/C to G45/G) were introduced within the MIR2-insulator element using the GENEART SiteDirected Mutagenesis System (Invitrogen) and the overlapping oligonucleotides: 5′-ATAAAGTGTAGATATCCACCCTGGCCATCAGGCCC-3′ and 5′-CTGA-TGGCCAGGGTGGATATCTACACTTTATCACT-3′. The same EBA procedure was carried out on this mutated MIR2 insulator. Statistical analyses (median test) were calculated with IBM-SPSS v.21.
